Suppression of abnormal grain growth in friction-stir welded Al-Cu-Mg alloy by lowering of welding temperature by Zuiko, I. S. et al.
Scripta Materialia 196 (2021) 113765 
Contents lists available at ScienceDirect 
Scripta Materialia 
journal homepage: www.elsevier.com/locate/scriptamat 
Suppression of abnormal grain growth in friction-stir welded 
Al–Cu–Mg alloy by lowering of welding temperature 
Ivan S. Zuiko a , ∗, Sergey Mironov a , Sergey Betsofen b , Rustam Kaibyshev a 
a Laboratory of Mechanical Properties of Nanoscale Materials and Superalloys, Belgorod National Research University, Pobeda 85, Belgorod 308015, Russia 
b Moscow Aviation Institute, National Research University, Moscow 109383, Russia 
a r t i c l e i n f o 
Article history: 
Received 12 October 2020 
Revised 25 January 2021 
Accepted 26 January 2021 




Abnormal grain growth 
Electron backscatter diffraction (EBSD) 
Transmission electron microscopy 
a b s t r a c t 
The effect of welding temperature on thermal stability of friction-stir welded (FSWed) 2519 aluminum 
alloy was investigated. A lowering of the welding temperature below the particle dissolution threshold 
was shown to be a very effective way for suppression of abnormal grain growth during post-weld so- 
lution treatment. This effect was attributed to a prevention of the welded material from precipitation 
of fine dispersoids during subsequent annealing which resulted in relatively low Zener pressure and thus 
provided an activation of the apparently-normal grain-growth mechanism. This phenomenon was demon- 
strated for the first time and could be used as a processing strategy to improve thermal stability of FSWed 
heat-treatable alloys. 















































Friction-stir welding (FSW) is an advanced solid-state joining 
echnique that has significant industrial potential [1] . Unfortu- 
ately, an essential drawback of this technology is a relatively low 
tability of the welded materials against abnormal grain growth 
e.g. 2–11 ]. This undesirable phenomenon involves catastrophic 
rowth of a few grains, which consume almost entire weld zone 
nd thus considerably degrade weld performance. 
It is important to emphasize that thermal stability of friction- 
tir welded materials is essentially sensitive to FSW conditions. 
pecifically, a lowering of welding temperature usually decreases 
he grain-growth onset temperature [2–10] . In non-heat treatable 
luminum alloys, this effect is usually attributed to a formation of 
elatively fine-grained structure and the concomitant increase of 
he total grain boundary energy. In this context, it is worth noting, 
hat the final grain size in fully-annealed low-temperature welds 
s typically of several hundred microns only, thus being compara- 
ively small. This effect arises from a relatively competitive charac- 
er of the grain growth. In contrast, high-temperature welds with 
elatively coarse-grained structure are stable until higher annealing 
emperatures but the subsequent grain growth has a pronounced 
bnormal nature, and the final grain size achieves a mm-scale [e.g. 
 , 4 ]. 
Annealing behaviour of heat-treatable aluminum alloys is addi- 
ionally affected by second-phase particles, thus being more com- ∗ Corresponding author. 






359-6462/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. licated. The abnormal grain growth in friction-stir welds of such 
aterials is usually attributed to the dissolution of constituent 
econd-phase particles in the stir zone [e.g. 2 , 3 , 5 ] and is typically
xplained in terms of the Humphreys’ cellular theory [12] . In the 
uthors’ recent work, however, it has been shown that a lowering 
f FSW temperature may efficiently suppress the precipitation dis- 
olution [13] . In this regard, it has been suggested that the particle 
etention may improve the thermal stability of welds. The present 
tudy was undertaken in order to examine a reliability this idea. 
The program material used in this work was a com- 
ercial 2519 aluminum alloy (a nominal chemical compo- 
ition of Al–5.64Cu–0.33Mn–0.23Mg–0.15Zr–0.11Ti–0.09V–0.08Fe–
.08Zn–0.04Sn–0.01Si; all in weight %). This is a typical heat- 
reatable alloy whose FSW- and ageing behaviours are studied rel- 
tively well [14–16] . The material was produced by ingot casting, 
omogenized at 510 °C for 24 hours, and then rolled to a true strain 
f 0.88 at 425 °C. To obtain a precipitation-hardened condition, the 
ot-rolled material was T820 tempered, i.e., solutionized at 535 °C 
or 1 hour, water quenched, cold-rolled to a true thickness reduc- 
ion of 0.22, and then artificially aged at 165 °C for 6 hours. 3-mm- 
hick sheets of the tempered material were friction-stir welded by 
sing a commercial AccurStir 1004 FSW machine. The welding tool 
onsisted of a concave-shaped shoulder with a diameter of 12.5 
m and an M5 cylindrical probe with a length of 2.7 mm. To in- 
estigate an effect of the welding temperature, several different 
SW regimes were selected, as shown in Table 1 . It was found, 
owever, that annealing behaviour of high-temperature welds was 
roadly similar to each other. For sake of simplicity, therefore, only 
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Fig. 1. Optical macrographs showing effect of FSW temperature on subsequent annealing behaviour of friction stir welded material: high-temperature weld (a) and low- 
temperature weld (b). The reference frame for both welds is shown in the bottom left corner of (b); WD, ND and TD are welding direction, normal direction, and transverse 
direction, respectively. In all cases, advancing side is left and retreating side is right. Note suppression of abnormal grain growth in the low-temperature weld. 
Table 1 
FSW conditions employed in the present work. 
Welding condition Spindle rate, rpm Feed rate, mm/min 
Low-temperature 500 760 
High-temperature 500 125 
1100 380 
1100 125 
Note: The high-temperature weld considered in the present study is 





































































 single high-temperature weld produced at a spindle rate of 1100 
pm and a feed rate of 380 mm/min was studied in the present 
ork. On the other hand, it was also established that a decreasing 
f FSW temperature below the low-temperature condition studied 
esulted in welding defects. 
To examine thermal stability of the produced welds, those 
ere solutionized at 535 °C for 1 hour followed by water quench- 
ng. Microstructural observations were conducted using optical 
icroscopy, electron backscatter diffraction (EBSD), transmission 
lectron microscopy (TEM), and x-ray diffraction (XRD) technique. 
or optical observations, the specimens were prepared by mechan- 
cal polishing in conventional fashion followed by chemical etching 
n a Keller’s reagent and the subsequent immersion in 0.5% wa- 
er solution of HF. The grain-size distributions derived from optical 
icrographs were based on ~500 measurements for each material 
ondition. The final surfaces for EBSD- and TEM-analyses were ob- 
ained by electro-polishing in a 25% solution of HNO 3 in CH 3 OH. 
BSD maps were acquired using an FEI Nova NanoSEM 450 field- 
mission-gun scanning electron microscope equipped with a TSL 
IM TM EBSD system and operated at an accelerated voltage of 
0 kV. In all cases, the obtained EBSD maps consisted of ~10,0 0 0 
rains. A 15 ° criterion was used to differentiate low-angle bound- 
ries (LABs) from high-angle boundaries (HABs). For TEM exami- 
ations, a JEM-2100 transmission-electron microscope operated at 
00 kV was employed. The size-distributions and volume fractions 
f second-phase particles were quantified on a basis of ~500 mea- 
urements for each studied material condition. XRD analysis was 
erformed using a Rigaku SmartLab diffractometer equipped with 
u K α radiation source. The specimens were scanned over the an- 
ular range of 30 to 145 o at a rate of 0.01 o /min. 
Low-magnification optical macrographs of the welds subjected 
o the final solutionizing treatment are shown in Fig. 1 ∗ and sup- ∗ Grain size distributions for the low- and high-temperature welds are given in 
upplementary Fig. S2a. 
p
p
2 lementary Fig. S1. As expected, high-temperature welds expe- 
ienced abnormal grain growth ( Fig. 1 a and supplementary Fig. 
1). On the other hand, low-temperature joint showed a relatively 
niform microstructure distribution and no clear evidence of the 
atastrophic grain growth was found ( Fig. 1 b). These observations 
ere in excellent agreement with the basic idea of this work, i.e., 
 simple lowering of FSW temperature below the particle dissolu- 
ion threshold was effective for suppression of the abnormal grain 
rowth. 
In order to check a reliability of this result, it was treated in 
erms of the Humphreys’ cellular model [12] . According to this 
heory, the grain-growth mechanism (i.e. either normal or abnor- 
al) of a particle-containing material is governed by a relationship 
etween mean grain size R , particle volume fraction F v , and the 
ean particle size d, and is expressed by a dimensionless parame- 
er Z = 3 F v R 
d 
. Therefore, to evaluate the thermal stability of both the 
igh- and low-temperature welds, the above microstructural char- 
cteristics were quantified in as-welded material conditions by us- 
ng EBSD and TEM techniques. The obtained results were summa- 
ized in Figs. 2 , 3 , and Table 2 . 
As expected, FSW resulted in fine-grained recrystallized mi- 
rostructures in the stir zones of both welds (EBSD maps in Fig. 2 ).
emarkably, HABs fraction in both welds constituted ~70% of the 
otal grain boundary area. To the first approximation, therefore, 
oth materials could be considered as ideal grain assemblies , in 
hich all grain-boundary energies and mobilities are equal, i.e., 
he Humphreys’ model is applicable for microstructural analysis. 
mportantly, both material conditions contained evenly distributed 
econd-phase particles (TEM micrographs in Fig. 2 ), i.e., those were 
ot completely dissolved during high-temperature welding † . 
The low-temperature weld was characterized by a finer grain 
ize, coarser particle size, and higher particle volume fraction than 
he high-temperature weld ( Fig. 3 and Table 2 ). All these effects 
ere presumably associated with relatively low welding tempera- 
ure which inhibited grain boundary migration and particle disso- 
ution during FSW. In terms of the Z -value, however, the revealed 
ifference was relatively small ( Table 2 ). Importantly, the abnormal 
rain growth was predicted to occur in both welded conditions ac- 
ording to the Humphreys’ theory ( Table 2 ). 
The latter result was very confusing. It required a fundamental 
econsideration of the grain growth behaviour. † X-ray measurements revealed a prevalence of θ phase among the second-phase 
articles (supplementary Fig. S3). However, TEM-EDS examinations also showed a 
resence of β ′ and T phases (supplementary Fig. S4). 
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Fig. 2. Selected portions of EBSD maps and TEM images showing typical microstructures evolved in the stir zone of high-temperature weld (a), and low-temperature weld (b) 
in as-welded condition (the TEM micrographs are shown as inserts in the top right corners). In EBSD maps, individual grains are colored according to their crystallographic 
orientation relative to welding direction, and LABs and HABs are depicted as white and black lines, respectively. 
Fig. 3. Grain-size distributions (a) and particle-size distributions (b) as function of 
welding conditions. Note: The data were measured in as-welded conditions. The 
grain-size data were derived from EBSD maps whereas the particle statistics was 






































3 The primary issue was the role played by the second-phase par- 
icles during microstructural coarsening. As the solutionizing treat- 
ent (employed in the present study) implies the complete disso- 
ution of the particles, they perhaps could not exert any influence 
n the grain growth process. On the other hand, it is known that 
he gross grain-boundary migration in fine-grained aluminum al- 
oys initiates above ~250 °C [17] . Therefore, there was a possibility 
hat the welded material may experience significant microstruc- 
ural changes during heating stage of the solutionizing annealing. 
o examine this idea, an additional set of the welded specimens 
ere heated to the solutionizing temperature (~ 5 minutes) and 
hen immediately water quenched. The produced microstructures 
re shown in Fig. 4 ‡ . It is seen that the microstructures of both 
elds experienced significant coarsening. In the high-temperature 
eld ( Fig. 4 a), this process was obviously governed by the abnor- 
al mechanism, whereas the low-temperature weld ( Fig. 4 b) ex- 
ibited an apparently normal grain growth. Therefore, it is clear 
hat the extensive grain growth occurred below the precipita- 
ion dissolution temperature, and thus the mechanism of the mi- 
rostructural coarsening process was influenced by the secondary 
articles. 
As the program material used in the present work was a heat- 
reatable alloy , it may experience significant changes in terms of 
article volume fraction and size during heating. Therefore, the 
article characteristics measured at ambient temperature ( Fig. 3 b 
nd Table 2 ) presumably altered before the annealing tempera- 
ure exceeded the grain-growth threshold (i.e., ~250 °C). The possi- 
le changes expected in the low- and high-temperature welds are 
iscussed below. 
As shown in the authors’ previous work [13] , FSW tempera- 
ure in low-temperature welds is not sufficient for the particle dis- 
olution and thus no supersaturated solid solution develops. Ac- 
ordingly, the subsequent heating of such welds up to the grain- 
rowth temperature could not result in precipitation phenomena 
nd thus the particle volume fraction remains unchanged. Accord- 
ngly, the particle evolution should be dominated by their coars- 
ning. This reduces the particle Zener pressure, lowers the Z -value, 
nd thereby shifts the grain growth behaviour towards the activa- 
ion of the normal mechanism. 
On the other hand, the extensive particle dissolution is usu- 
lly reported for high-temperature FSW [ 1 , 3 , 13 ]. Consistently, pro-‡ Appropriate grain size distributions are given in supplementary Fig. S2b 
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Table 2 
Microstructural characteristics of welded material and predicted annealing behaviour. 
Material condition Mean grain size R, μm Volume fraction of particles F v Mean particle size d, nm Z value Expected annealing behaviour 
Low-temperature weld 1.8 0.019 119 0.86 Abnormal grain growth 
High-temperature weld 3.5 0.008 86 0.98 Abnormal grain growth 
Fig. 4. Optical macrographs showing microstructural changes occurred during heating stage of solutionizing treatment: high-temperature weld (a) and low-temperature weld 
(b). Note: Both welded specimens were immediately quenched after achieving of solutionizing temperature of 530 °C. The reference frame for both welds is shown in the 
bottom left corner of (b); WD, ND and TD are welding direction, normal direction, and transverse direction, respectively. In all cases, advancing side is left and retreating 













































[  ounced precipitation phenomena are expected during subsequent 
nnealing and therefore the particle volume fraction should in- 
rease. Considering the relatively low temperatures and very short 
uration of the precipitation process, the size of the freshly- 
ucleated particles should be small and thus the average particle 
iameter should decrease. All these changes should enhance the 
article Zener force, increase the Z-value, and thus promote the 
bnormal grain growth. 
Despite the above theory is in a good agreement with the real 
nnealing behaviour ( Figs. 1 and 4 ) and seems to be reasonable, it
s important to emphasize that it is entirely speculative and thus 
arrants further experimental verification. 
In conclusion, a lowering of FSW temperature below the parti- 
le dissolution threshold was shown to be an effective way for the 
uppression of abnormal grain growth during post-weld treatment. 
his result was attributed to distinctly different particle behaviour. 
n high-temperature welds, the secondary particles dissolve dur- 
ng FSW, and thereby the subsequent annealing resulted in re- 
recipitation of fine dispersoids. This provided a relatively high 
ener pressure and thus gave rise to the abnormal grain growth. 
n low-temperature welds, the precipitates retained in the mate- 
ial, and therefore the post-weld treatment resulted only in par- 
icle coarsening. This lowered the particle Zener force and thus 
romoted activation of the apparently-normal grain-growth mech- 
nism. 
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